This paper presents experimental results of unsteady aerodynamic interactions including Shock/Shock Interaction (SSI) and Shock/Boundary Layer Interaction (SBLI) between two bodies at hypersonic speed. These interactions can be seen in space vehicles consisting of multi-bodies, such as a TSTO, or at a scramjet engine inlet. The present study considers the effect of a flat plate below the SSI where a boundary-layer is developed on the plate surface. More specifically, the interacted flow for a combination of a flat plate (FP) and a hemi-circular cylinder (HCC) is examined at a hypersonic speed (M 1 ¼ 8:1); the distributions of surface pressure and heat transfer rate are measured. To obtain various SSI patterns, the clearance between two bodies (FP and HCC) is changed. Results show that unsteadiness at the SSI point causes a feedback loop between the two bodies; a jet flow impinges on the FP, the effect of which propagates upstream where the jet impinges on the FP, and the aerodynamic and aerothermodynamic loads reach their maxima. Finally, we found that the feedback loop can be destroyed by installing a fence on the FP to reduce unsteadiness of flow field.
Introduction
In hypersonic vehicles such as a TSTO (Two-StageTo-Orbit), 1, 2) Shock/Shock Interaction (SSI) and Shock/ Boundary-Layer Interaction (SBLI) are often seen at various locations such as inlets, fins, pylons, and between two bodies including nose, fuselage, and wings.
3) These interactions cause severe aerodynamic and aerothermodynamic loads; many researchers are working on this subject worldwide. Recent studies have focused on 3D complicated flow-fields involving both SSI and SBLI phenomena at hypersonic speeds 4) because the concrete configuration and systems of a new-generation vehicle, such as a TSTO have been researched. 5, 6) However, there are only limited discussions, because no clear theoretical explanations of such complex flow-fields have been established.
For the fundamental characteristics of SSI, Edney (1968) 7) used a simple configuration composed of a wedge and cylinder. He identified six types of SSI due to shock impinging on the bow shock (Fig. 1) . The SSI in the subsonic region behind the bow shock, referred to as type IV (Fig. 2) , causes the most complex and severest problem, where a supersonic jet is generated from the interaction point and impinges on the cylinder surface. In addition, the surface pressure as well as the heat transfer rises significantly due to this jet impingement on the surface. The flow escapes from the high pressure and heating region both upward and downward toward downstream.
However, in more practical situations, such as in an inlet or between TSTO stages, this flow escape is hampered by other components of the vehicle, potentially disturbing the upstream flow (Fig. 4(b) ). To investigate this effect, we replaced the wedge with a flat plate beneath the SSI location. Holden (1966) 8) researched the compression ramp problem with SBLI and boundary-layer separation at hypersonic speed. He clarified that the rise in pressure and heat flux on the ramp surface depends on the reattachment angle of the separated boundary-layer (shear layer) and its thickness. The results were applied to design of the Space Shuttle's wing root, body flap, etc. Subsequent research 9) reported that in SBLI flows the location where the boundary-layer separates tends to oscillate. Therefore, it is not easy to completely understand SBLI only from the measured surface pressure and heat-transfer rate.
In this study, 2D complex flow-fields observed between two wings of a TSTO involving the SSI and SBLI are investigated experimentally. Experiments were conducted at the shock tunnel of Nagoya University. Ó 2010 The Japan Society for Aeronautical and Space Sciences One objective is to clarify the effect of FP below the SSI point in front of the HCC, which might be different from simple shock interaction patterns. As a test model, a flat plate (FP) is used along with a hemi-circular cylinder (HCC) in such a way that these two bodies generate an impingement shock, bow shock, and boundary layer. These impingement and bow shocks interact in front of the HCC, and its SSI location is controlled by changing the clearance between the FP and HCC. A boundary layer develops on FP, which interacts with the bow shock produced by the HCC. In some cases, SBLI may influence the impingement shock via the boundary layer separation. This effect is not included in Edney's classification (the well-known six patterns). It is expected that the effect of SBLI might be seen in Edney's Type IV case, since the strong flow from near the jet impingement point can be interrupted by FP, leading to the occurrence of a strong SBLI. In this flow, it is encouraged to propose how to alleviate the effect of SBLI on its upstream flow-field, because this may change SSI pattern and enhance flow unsteadiness as seen in the type IV. 10, 11) Thus, in the present work, a fence is installed on FP. In addition, this paper compares detailed analyses and new results with our previous paper. 12) 2. Experimental Setup
Shock tunnel
All experiments were conducted in the reflected shock tunnel facility of Nagoya University, which consists of a driven tube, two diaphragms, a driver tube, and a dump tank. Air was used in each section of the tunnel. The diameter of nozzle exit is 350 mm, which generates a hypersonic flow with a Mach number of 8.1 and a duration of 50 ms, where the unit Reynolds number is Re ¼ 6:5 Â 10 6 m À1 . The freestream conditions are listed in Table 1 .
Test model
The test model is shown in Fig. 3 
Visualization method
This study used color schlieren photography with a xenon continuous light source. A color filter, which has a slit with a width of 0.3 mm, is set parallel to the main flow direction to obtain flow images with density gradients normal to the main flow. Photographs were taken using a standard commercial video camera with 12-bit resolution. In addition, in unsteady flow cases, a high-speed camera was used to capture shock oscillations. The frame rate and shutter speed of this camera are 40,000 fps and 1 s, respectively.
Measurements of pressure and heat flux
Pressure data were collected by using Kulite pressure transducers, with a sampling rate of 100 kHz. On the other hand, the heat transfer rate was calculated from measured temperature data by the following equation, based on the 1D heat conduction equation in a semi-infinite medium including a linear approximation proposed by Cook and Felderman. 13) q w ðtÞ ¼ 2
A coaxial thermocouple (MULLER company, Coaxial Thermocouple MCT/MCTB) was used as a temperature sensor to measure the model surface temperature T w ðtÞ. Using this temperature data, q w ðtÞ was calculated timeaveraged over 10 ms after the total pressure of the wind tunnel reached 4.0 MPa. This value was normalized by HCC's stagnation point heat flux q 0 calculated from experimental data:
, which is in good agreement with HCC's theoretical stagnation value: 14) 
Results and Discussion
The present shock/shock interacting flow-fields between the HCC and FP can be broadly classified into several cases according to the clearance between them.
12) Steady interaction occurs when the impingement shock hits the supersonic region behind the bow shock, while unsteady interaction occurs when it hits the subsonic region. 15) In this study, the former corresponds either to the case with zero clearance (h=x l ¼ 0:00) or the case with large clearance (h=x l > 0:18), whereas the latter corresponds to the case with intermediate clearance (0:00 < h=x l < 0:18). is with large clearance. In the former, there is a large separation region between the leading edge of FP and the leading edge of the contact surface between FP and HCC, due to a large adverse pressure gradient produced on FP below the head part of HCC. This adverse pressure is related to high pressure produced by SSI.
In Fig. 5(a) , a separation shock is generated from the FP leading edge, and there is a separated boundary layer (shear layer) below it, which impinges on the HCC nose. In the region above this impingement point, a bow shock is formed, which interacts with the separation shock. This interaction corresponds to Edney's Type VI pattern, because the impinging shock hits the upper supersonic region behind the bow shock (Fig. 1) . On the other hand, in Fig. 5(b) , the separation region becomes shorter than the former case, where separation occurs downstream of the FP leading edge. The angle at which the lower part of the bow shock meets the FP is related to the strength of SBLI. In Fig. 5(a) , the shock angle formed at the leading edge is increased due to boundary layer separation, so that the shock impinging point moves upward. In the Fig. 5(b) case, there are two shocks; one from the leading-edge, and the other from the separation shock. These shocks coalesce into an oblique shock that interacts with the bow shock of HCC in a supersonic region behind the bow shock. This flow field becomes steady, and corresponds to Edney's Type I, although no expansion fan was observed.
In the intermediate clearance cases, the flow-field picture taken by the standard camera shows a blurred image of an oblique shock and a shear layer (Fig. 6 ). This suggests that the flow-field is unsteady. In addition, at h=x l ¼ 0:15, another shock wave parallel to the FP surface is observed beneath the nose of HCC (Fig. 6 ). This shock is called ''blow-down shock,'' because it is formed by a supersonic jet flow from the HCC nose toward the FP surface. This is explained in more detail later. When the clearance is further increased (h=x l > 0:18), this unsteady phenomena disappears, and the flow field becomes the same as shown in Fig. 5(b) . Thus, there is a critical clearance that divides these steady and unsteady SSI cases, which is related to the shock impinging point (Fig. 4(a) ). Figure 7 shows time variations of pressure p at ¼ 0 [deg] on HCC and at x=L ¼ 0:65 on FP, respectively. From Fig. 7(a) both the pressure itself and its fluctuations are higher for h=x l ¼ 0:15 than for h=x l ¼ 0:00. In the former case, pressure becomes up to 400 times as large as the uniform flow static pressure, suggesting that the unsteady flow-field may be accompanied by a strong SSI, such as Type IV. From FFT analysis of the pressure data on the HCC nose ( ¼ 0 [deg]) (Fig. 16) , the frequency of the highly unsteady oscillation is about 1.6 kHz. At h=x l ¼ 0:00, only small variations are seen, confirming that the flow-field is steady. The FP surface shows the same trend as on the HCC surface ( Fig. 7(b) ), but the magnitude is one order smaller. Thus, we conclude that the effect of SSI on HCC is much stronger than on FP.
The relation between the time-averaged heat transfer rate and clearance is shown in Fig. 8 for these two locations, where time-averaging was performed for 10-ms data. At h=x l ¼ 0:15, where strong SSI is occurring, the heat flux is 4.6 times as large as that without SSI. In addition, the flow from the interaction region in front of HCC decreases toward FP at high speed, so the heat flux on FP increases up to about 1.6 times the reference stagnation value. Note pressure also rises, following the correlation between the heat flux and pressure. 16) The heat flux starts decreasing when the clearance exceeds the critical value (h=x l ¼ 0:18), where the flowfield pattern changes from unsteady to steady, because the shock impinging point is forced to move downward, i.e., to the supersonic region behind the bow shock.
Unsteady mechanism
Because the unsteady SSI observed in this study produced the largest values for pressure and heating loads, this unsteady flow-field is analyzed in detail. To visualize the flow-field more clearly for h=x l ¼ 0:15, a high-speed camera was used to observe the unsteady phenomenon, (Figs. 9 and 10 ), using instantaneous schlieren images and schematics. From the results the oscillation frequency was estimated to be about 1.6 kHz (one period T is about T ¼ 0:63 ms), corresponding to a primary peak in FFTanalyzed data (Fig. 16) .
To clarify the instantaneous and detailed flow-field in the separation region on FP (Fig. 9(a) ), analysis used a numerical method as follows.
The governing equations to solve are the three-dimensional compressible Navier-Stokes equations; the computational grid is a multi-block, structured grid consisting of 853,200 cells, where three cells are used in the spanwise direction; this grid is treated as a single-block, unstructured grid in the solver.
The working gas is air, which is assumed to be calorically perfect, where the specific heat ratio is ¼ 1:4, and the Prandtl number is Pr ¼ 0:72. For spatial discretization, the values of primitive variables on both sides of each cell interface are interpolated using the 3rd-order accurate MUSCL scheme with Van Albada's limiter. Inviscid numerical fluxes at the cell interface are calculated by the AUSMþ scheme. On the other hand, viscous fluxes are computed using 2nd-order central difference. For time integration, LU-SGS is used with 2nd-order backward differencing in time. No turbulence model was used because laminar flow is reasonably assumed in the flow region under consideration. The numerical code was parallelized by MPI, and computations were conducted using the clustered PCs at Nagoya University. Results of CFD analysis also showed an unsteady aerodynamic interaction flow-field. However, at some instant, there was a different flow pattern from the experiment over the period. This discrepancy may be attributed to the 3D effect in the experiment which was not fully incorporated in the computation. Therefore, the only limited result showing good reproduction of the corresponding experiment was selected in Fig. 11 .
In the computed result of Fig. 11 , some features are well captured, such as a Type IV interaction between the bow shock and impinging shock in front of HCC, a high-speed jet flow from the interaction region toward the surface of FP, and a large separation of the boundary layer developed on FP. Based on this analysis, the numerical results at t ¼ 0 were used to interpret the flow-fields.
In Figs. 9(a), 10(a) and 11 at t ¼ 0, the oblique shock S1 and bow shock S2 cause a Type IV interaction in front of the HCC nose; more specifically the impinging shock hits the subsonic region behind the bow shock (Fig. 4(a) ). Just below the shock impinging point, the flow having passed the oblique shock S1 tries to collide with the HCC nose at supersonic speed, so another bow shock S3 is generated just before the HCC surface. Behind this shock the flow is compressed and goes downward, accelerating toward the FP surface up to supersonic speed. This creates a blow-down shock just before the FP surface. At the FP surface below this shock, pressure rises, producing an adverse pressure gradient. This increased pressure signal propagates upstream inside the boundary layer, and causes the flow to separate from the FP surface. As a result, a reversed flow is made, where the flow goes upstream toward the FP leading edge (Fig. 11) . This adds to the shock angle (Fig. 10) , and forces the shock impinging point to move upward at t ¼ T=4 (Figs. 9(b) and  10(b) ). Then, the interaction pattern changes to Type V.
At t ¼ T=2, the interaction pattern further changes to Type VI (Figs. 9(c), 10(c) ), where the influence of the interaction on the FP surface is weakened; i.e., the blow-down shock disappears. Since the adverse pressure gradient on FP is not large, flow separation cannot reach the leading edge of FP. As a result, at t ¼ 3T=4, the shock angle decreases to a rather small value, leading to the SSI pattern change from Type VI to Type V (Figs. 9(d), 10(d) ). Thus, the shock angle and shock interaction point return to their original states (Figs. 9(a), 10(a) and 11) . to upstream and downstream locations in the separation region. From this figure, there seems to be a phase lag between the data at these locations. Because the downstream value rises earlier than the upstream one in most cases, the influence of the adverse pressure gradient propagates upstream in the separated flow region. However, the value of the lag cannot be specified because it takes a different value in each cycle. This is due to complicated flow patterns (Fig. 9) .
Cut of feedback loop by fence
As already shown in Fig. 9 , at a small clearance (0:00 < h=x l < 0:18) there is a feedback loop that causes shock waves to oscillate with a frequency of about 1.6 kHz (T ¼ 0:63 ms) (Fig. 16) . During this period, severe aerodynamic and aerothermodynamic loads are observed in Figs. 7(a) and 8. If this frequency agrees with the natural frequencies of the vehicle structure, catastrophic damage will result.
To avoid this risk, we propose installing a fence on FP to cut the feedback loop at h=x l ¼ 0:15. If the fence has a comparable height to the boundary-layer thickness and is located in the flow reversal region on FP (Fig. 9) , the fence could separate this region into two small parts, mitigating the influence of SBLI. In this study, the fence height is 5 mm (h f ¼ 5 mm), and its location was changed so that x f =h f ¼ 10, 13 and 24. Figure 13 shows the schlieren images and their schematics for different fence locations. The results show that the (a) without fence Aug. 2010 H. OZAWA et al.: Unsteady Aerodynamic Interaction between Two Bodies at Hypersonic Speedfence reduces oscillations of the oblique shock, bow shock, and shear layer, compared to no fence ( Fig. 13(a) ). In particular, at x f =h f ¼ 13, the oscillation vanished completely, because the shock waves and shear layers are captured sharply ( Fig. 13(c) ). At x f =h f ¼ 10 and 24 (Figs. 13(b) and 13(d), respectively) the images are less sharp, indicating some remaining slight oscillations. At x f =h f ¼ 13 the SSI is classified as Type III, while at x f =h f ¼ 10 and 24, it is Type V SSI. Type III and V are generally not so severe as Type IV. Thus, this fence is effective in suppressing flow oscillations, and also in reducing aerodynamic and aerothermodynamic loads on a body. In the most effective case (x f =h f ¼ 13), the separation point moved downstream from the leading edge ( Fig. 13(c) ) where three shock waves are observed: the oblique shock generated from the leading edge, the separation shock-1, and the separation shock-2 from the fence top, which merge and cause a Type III interaction with the bow shock in front of HCC. In this flow field, the flow reversal region is divided into two sub-regions by the fence as intended. At x f =h f ¼ 10 ( Fig. 13(b) ), the separation region upstream of the fence reaches the FP leading edge. To examine this flow field in detail, two images were taken at different times using a high-speed camera (Fig. 14) , where t is the time from the onset of wind-tunnel flow. At the early stage (t ¼ 1:3 ms in Fig. 14(a) ), the fence divides the separation region into two sub-regions (Fig. 13(c) ), but soon after Type IV SSI occurs (Fig. 14(b) ). As mentioned before, Type IV SSI has a strong influence on the upstream flow conditions, so that reversed flow caused by SSI goes upstream over the fence and reaches the FP leading edge (Fig. 14(b) ), as without a fence. This is why the fence is not very effective in this case. Therefore, the fence location should be chosen carefully so as not to cause Type IV SSI. At x f =h f ¼ 24 ( Fig. 13(d) ), the fence seems to produce an effect equal to or larger than the case of x f =h f ¼ 10. Figure 15 shows time variations of pressure on FP at x=L ¼ 0:15 and x=L ¼ 0:55, respectively. As expected, in at x f =h f ¼ 13, which corresponds to an optimum fence location, the magnitudes of pressure and its fluctuations are remarkably reduced. Figure 16 shows the FFT analysis on the HCC nose ( ¼ 0 [deg]), along with the result without the fence for comparison. In the case with a fence (x f =h f ¼ 13), the primary peak and other pressure maxima have vanished completely. Thus, the fence is very effective in cutting the feedback loop.
As mentioned above, a fence works effectively. However, to make the fence more applicable practical situations, it is necessary to run parametric studies including trial-and-error approaches for various flow conditions, because the optimum position and height of the fence depend strongly on the shock angle and boundary layer thickness, which change with the flow condition.
Summary
This study examined the effect of a FP below the SSI point experimentally at hypersonic speed. Development of a separated boundary layer due to SBLI on FP is related to SSIs in front of HCC, as observed in Edney's classifications. Detailed analysis of the unsteady SSI case was per- formed and a method for suppressing was proposed. The major results are summarized as follows:
. The existence of FP and the strength of SBLI on it have a significant effect on SSI points in front of HCC. . At Type IV SSI, where an incoming shock impinges a subsonic portion behind the bow shock in front of HCC, a strongly unsteady flow is produced by a feedback loop. . At Type IV SSI, severe pressure/thermal loads are observed on the model, where the boundary-layer on FP is massively separated. . Experimental and numerical analysis of the unsteady flow case clarified the mechanism. . To suppress highly unsteady flow, we proposed installing a fence on FP. This fence proved very effective, when placed at the correct position. These results could be applied to practical designs of future space transportation systems, such as Orion and TSTO. 4, 5, 12, 17) 
